High sequence diversity among TT virus (TTV) and TTVlike viruses (TTLVs) is an obstacle to PCR detection of the entire spectrum of existing genotypes. To determine which primers are needed to detect all know genotypes of these viruses, an alignment of commonly used primer sequences with sequences of all known viral genotypes was performed to predict theoretically amplifiable genotypes. The results predicted that all TTV genotypes (except genotype 21), all SEN virus (SENV) genotypes (A to H), and three known TTVL minivirus (TLMV) groups would be detectable by TTV primers NG054/ NG147/133/132 (NG) and TT6/7/8/9 (TT), combined with two TLMV primer sets (TLMV-S and TLMV-L). To confirm these findings, we genetically characterized 420 clones of NG primer products from 32 thalassemia patients and 8 healthy individuals, as well as 50 PCR products amplified by TT and RD037/
High sequence diversity among TT virus (TTV) and TTVlike viruses (TTLVs) is an obstacle to PCR detection of the entire spectrum of existing genotypes. To determine which primers are needed to detect all know genotypes of these viruses, an alignment of commonly used primer sequences with sequences of all known viral genotypes was performed to predict theoretically amplifiable genotypes. The results predicted that all TTV genotypes (except genotype 21), all SEN virus (SENV) genotypes (A to H), and three known TTVL minivirus (TLMV) groups would be detectable by TTV primers NG054/ NG147/133/132 (NG) and TT6/7/8/9 (TT), combined with two TLMV primer sets (TLMV-S and TLMV-L). To confirm these findings, we genetically characterized 420 clones of NG primer products from 32 thalassemia patients and 8 healthy individuals, as well as 50 PCR products amplified by TT and RD037/ 038/051/052 primers from 50 thalassemia patients and 96 TLMV-S primer product clones from 16 thalassemia patients. We detected TTV genotypes 1 to 3, 9 to 13, 14, 16, 18, 22, 23 , and group 5 (JT33F/JT34F/CT39F/CT44F); SENV genotypes A, B, D, and H; and four TLMV groups (three known plus one newly identified). TTV genotypes 4 to 8, 15, 17, 19 , and 20 including SENV (genotypes C and E to G) were not found, presumably due to their low prevalence in the test populations. Genotype 21 was also not detected, as it requires a dedicated primer set. Primer alignment and PCR product characterization consistently indicated that five primer sets, NG, TT, TLMV-S, TLMV-L, and a genotype 21-specific set of primers, are required to detect all known genotypes of TTV and TTLVs.
A small single-stranded DNA virus, named TT virus (TTV), was identified by Nishizawa et al. in Japan from patients with non-A-G transfusion-acquired hepatitis (22) . Shortly after TTV was discovered, several TTV-like viruses (TTLVs) including TTV-like minivirus (TLMV) (33) , SEN virus (SENV) (8) , and PM virus (PMV) (10) were also reported. All TTLVs are recognized as divergent genotypes of TTV with the exception of TLMV (19) . TLMV is a unique virus with a smaller genome that may constitute a genetic evolutionary link between chicken anemia virus and TTV (33) . TTV and TTLVs are widely distributed geographically, with an extremely high prevalence of viremia in the general population, particularly in tropical countries (32) and parts of Asia (6) . Mixed-genotype infections are therefore common, particularly in thalassemia patients, due both to the high frequency of viral transmission through repeated therapeutic blood transfusions and the persistent nature of the viruses (5, 9, 14, 15, 18, 23, 31) . TTV and TTLVs demonstrate an extremely wide range of sequence divergence. At least four groups comprising 23 genotypes of TTV have been identified (24, 25, 34, 35, 37) . In addition, four new genotypes have recently been identified and classified as TTV group 5 (30) . All TLMV isolates are classified into three genetically distinct groups (3) .
Currently, PCR is the only available means for detection of TTV and TTLVs. Commonly used primers are derived from either the coding region in open reading frame (ORF) 1 or the conserved 5Ј untranslated region (UTR) (i.e., ORF and 5ЈUTR primers, respectively). ORF primers detect only a restricted number of genotypes (16, 28) . For example, N22 primers are designed using the coding region sequences of genotypes 1 and 2, which can amplify genotypes 1 to 6 in group 1. Genotypes 7 and 8 in group 2 are amplifiable by N22 primers, but not as efficiently as the genotypes in TTV group 1 (7). However, TTV genotypes 9 to 16, 18, 19, and 20, in groups 3 and 4, and genotypes 17, 22, and 23, in group 2, cannot be amplified by N22 primers. 5ЈUTR primers are thought to have the potential to detect all known genotypes of TTV including the new genotypes of TTV group 5 (30) . Three known groups of TLMV can be amplified by one set of TLMV-specific primers (36) . In most studies only one or two sets of primers, either ORF primers or 5ЈUTR primers, are used for virus detection. As a consequence, the prevalence of these viruses has been underestimated in early studies (12, 20, 29) . At the present time, no clinical manifestations have been unequivocally associated with these viruses; however, it is not clear whether all these viral agents or genotypes have been detected or discovered in test populations using current detection systems. In spite of incomplete detection of TTV and related viruses, pre-vious data have indicated that transient and mild abnormalities in liver enzyme levels are associated with TTV and TTLV infection. Although several 5ЈUTR primer sets have been introduced in recent studies for detection of TTV (16, 24) , these primers differ in their abilities to detect TTV and related viruses by PCR (29) . Therefore, results have varied depending on the choice of primer sets employed for analysis. This has impeded a proper assessment of the viral prevalence and pathogenesis. In this study, we have sought to validate the commonly used PCR primer sets using the following three methods: (i) alignment of primer sequences with all known TTV and TTLV sequences available in GenBank to predict the amplifiable genotypes for each set of primers, (ii) genetic characterization of a large number of PCR product clones and isolates from transfusion-dependent thalassemia patients as well as healthy individuals to demonstrate the genotypes that can be detected by various primer sets, and (iii) comparative analysis of detection rates for each set of primers and a combination of multiple sets of primers to evaluate the ability of the primers to detect TTV and TTLVs in different populations. We demonstrated that five sets of primers were required for detection of all known groups and genotypes of TTV and TTLVs. In addition, we investigated the ability of specific primer sets to detect known genotypes and in the process have discovered a new group of TLMV amplified by NG054/147/ 133/132 primers. This study provides a means for molecular detection for all known groups and genotypes of TTV and TTLVs, thereby fulfilling a prerequisite for assessment of viral prevalence and pathogenesis.
MATERIALS AND METHODS
Study groups. Human plasma samples were obtained from the United Arab Emirates; these included samples from 200 healthy individuals and 118 thalassemia patients who had been treated with regular blood transfusions (13 to 18 transfusions/year).
Isolation of viral DNA. Viral DNA was isolated using the QIAamp blood kit (QIAGEN) in accordance with the procedure provided by the manufacturer.
Amplification and detection of viral DNA. Purified viral DNA was amplified using five sets of nested and/or seminested primers derived from the conserved 5ЈUTR and coding regions of the TTV and TTLV genomes, including nested primers NG054/147 and NG133/132 (NG054/147/133/132) (27) , RD037/038 and RD051/052 (RD037/038/051/052) (25) , TT6/7 and TT8/9 (TT6/7/8/9) (11), and TLMV-S1/2 and TLMV-S3/4 (TLMV-S1/2/3/4) as well as seminested primers TLMV-LS2/LA2/LA3 (36) ( Table 1) . A genotype 21-specific primer set (16) was not used in this study. The procedure described by Okamoto et al. (29) was used for DNA amplification by PCR. Viral DNA was detected on a 1.5% agarose gel.
Direct DNA sequencing. Direct DNA sequencing of PCR products was performed on 50 thalassemia patient samples using an automated DNA sequencer (Visible Genetics). PCR products (approximately 150 bases) amplified by RD037/038/051/052 from 20 of the patients were sequenced using 5Ј Cy5.5-labeled sense primer RD051. The PCR products (approximately 150 bases) amplified from 30 of the patients using TT6/7/8/9 primers were sequenced using 5Ј Cy5.5-labeled sense primer TT8.
Clone-based DNA sequencing. Clone-based DNA sequencing was performed on 56 samples from 48 thalassemia patients and 8 healthy individuals using the TOPO TA vector system (Invitrogen Corp.). Purified PCR products were directly cloned into the TOPO TA vector (Invitrogen Corp.). Viral sequences were then amplified from positive colonies of Escherichia coli using M13 primers (Pharmacia Biotech). The reamplified PCR products were sequenced using the same procedure as for direct DNA sequencing. Ten to 12 TTV clones and 5 to 10 TLMV clones from each individual were randomly selected and sequenced.
Genotyping and computer analysis of nucleotide sequences. DNA sequences derived from experimental samples were compared to an online database for the best possible match using the BLAST (Basic Local Alignment Search Tool) program found on the National Center for Biotechnology Information home page (http://www.ncbi.nlm.nih.gov/). All further sequence analyses and comparisons and construction of phylogenetic trees were performed using the DNA-STAR Lasergene '99 software package (DNAStar, Madison, WI).
RESULTS
Sequence alignment to predict the genotypes amplifiable by different sets of primers. The partial or entire genome se- quences are known for all published genotypes of TTV, eight genotypes of SENV, PMV, and isolates of the three known groups of TLMV (24, 30) . Those genotypes detectable by various sets of primers should be predictable by multialignment of the primer sequences with the published reference sequences of TTV and TTLVs (13) . Figure 1a shows that NG133/132 primer sequences are almost completely matched with the 5ЈUTR sequences of 14 known TTV genotypes (1, 2, 3, 11, 12, 13, 17 [PMV], 18, 22, 23, and four recently classified genotypes, JT33F, JT34F, CT39F, and CT44F) and all 8 genotypes of SENV (A to H). NG054/147 primer sequences matched these TTV genotype sequences as well as NG133/132 primer sequences (data not shown). We were unable to prepare multialignments for these primer sequences against the remaining TTV genotypes (4, 5, 6, 7, 8, 9, 10, 14, 15 , and 16) because their 5ЈUTR sequences were not available in GenBank. Thus, at the present time, it is not known whether these primers match the 5ЈUTR sequences of those TTV genotypes. Fortunately, SENV-A, -B, -C, -D, -E, and -H are currently classified as variants of TTV genotypes and specifically correspond to genotypes 9, 10, 15, 12, 14, and 16, respectively (24) . Therefore, the NG054/147/133/132 nested primer set should also be able to amplify these five additional TTV genotypes (9, 10, 14, 15, and 16). However, this nested primer set will not amplify genotype 21 (YONBAN) because there are only a few nucleotides at the middle of the primer sequences that are identical to the 5ЈUTR sequence of this genotype. Consequently, in total, at least 17 known TTV genotypes (1 to 3, 9 to 20, 22, and 23), 4 new TTV genotypes of group 5, and 8 known genotypes of SENV are predicted to be detectable by NG054/147/133/132 primers. TT8/9 primers and those that are similar to TT8/9 primers (e.g., NG059/NG063/NG061) (29) have been commonly used for recent studies (4, 21) because these primers are able to amplify more genotypes than other coding region-based primers for the detection of TTV. Figure 1b shows that TT8/9 primer sequences are almost 100% identical to the targeted sequences of TTV genotypes 2, 4, 5, 6, 7, 8, 9, 10, 14, 15, and 16. The one or two nucleotide mismatches at the middle of the primer sequences would be expected to have little impact on The sequences of TLMV-S and TLMV-L primers are similar, and both were designed using the highly conserved repeat sequence within the 5ЈUTR. The two sets of TLMV primer sequences are well matched, with almost all the representative sequences (3) in the three known groups of TLMV (data not shown). There are single-or double-nucleotide mismatches found at the middle of the primer sequences in some isolates. A mismatch at the second nucleotide position of the 3Ј end of the internal reverse primer TLMV-S4 occurred in some representatives of the known TLMV groups. This nucleotide mismatch may reduce the amplification efficiency for these viruses. However, Taq DNA polymerase should still be able to initiate DNA synthesis with only one mismatched nucleotide near the 3Ј end of the primer (13) . We predict that either the nested TLMV-S primer system or TLMV-L seminested primer system would be able to amplify all three known groups of TLMV. NG133/132 primers matched with some TLMV representatives in groups 1 and 3, but not in group 2, where several nucleotide mismatches occurred (data not shown). Thus, some strains of TLMV may be amplifiable by NG054/147/133/132 primers.
Genotypes of TTV and TTLVs amplified by different sets of primers. To confirm the sequence alignment results, a total of 566 PCR product clones and PCR isolates were genetically characterized. Four hundred twenty clones of PCR products amplified by nested 5ЈUTR primers NG054/NG147/133/132 from 40 PCR-positive individuals including 32 thalassemia patients (equal representation of high and low alanine aminotransferase samples) and 8 randomly selected healthy individuals (controls) were subjected to clone-based sequencing. Fifty randomly selected PCR products amplified by ORF primers TT6/7/8/9 and RD037/038/051/052 from thalassemia patients were genotyped by direct DNA sequencing, and 96 TLMV-S primer product clones from 16 randomly selected thalassemia patients were genetically grouped for TLMV by clone-based sequencing.
Consistent with the primer alignments, the NG054/NG147/ 133/132 primers detected nine known TTV genotypes, 1, 2, 3, 11, 12, 13, 18, 22, and 23; four recently classified new genotypes (CT44F, CT39F, JT33F, and JT34F) of group 5; and four SENV genotypes (A, B, D, and H), as well as some strains of TLMV (Tables 2 and 3) . A substantial proportion of the isolates could not be classified by nucleotide sequence alignment by BLAST. However, phylogenic analysis indicated that the unclassified isolates were related to the same genotypes as mentioned above (data not shown). Among the identified genotypes amplified by these primers, TTV types 1, 11, and SENV-H were predominant in both thalassemia patients and healthy individuals. TTV genotypes 17 (PMV) and SENV-C, -E, -F, and -G were not found among those isolates although they are amplifiable by this set of primers. This is presumably due to their low prevalence in the United Arab Emirates. There were no genotype 21 and/or closely related genetic variants found, in agreement with the sequence alignment (Fig.  1a) . To further confirm the genotyping results determined by 5ЈUTR sequence alignment, sequence similarity or divergence between the representative TTV isolates from GenBank and our isolates was determined using DNAStar. The sequence identity for the representative TTV isolates and our classified isolates ranges from 90.0% to 100% (data not shown), which is consistent with nucleotide identity values within the 5ЈUTR commonly seen in known isolates of the same genotype, for example, 90.5% between TUS01 and TUPB for TTV genotype 11 and 92.9% between TJN01 and SENV-D for TTV genotype 12. The nucleotide identity values for unclassified strains amplified by NG054/147/133/132 primers and representative TTV isolates were 80.0% to 91.2% (data not shown), suggesting that some TTV isolates amplified by NG primers need to be classified as either genotypic variants or subtypes of TTV.
Only TTV genotypes 1, 2, and 3 were found in the samples of 20 randomly selected TT6/7/8/9-amplified PCR products. We did not find other TTV genotypes, such as 4 to 8, that are expected to be detectable by this set of primers, perhaps due to the fact that the prevalence of those genotypes is low. The similarity between our classified isolates and the corresponding representative TTV isolates was 77.2% to 91.2% in the coding region (data not shown), which is similar to previous reports (77.8% to 100%) (29) . It appears therefore that the TT6/7/8/9 primer set is group specific. Only genotype 1 (1a and 1b) was found in 30 RD037/038/051/052 primer-amplified PCR products, suggesting that this set of primers is genotype 1 specific. Direct DNA sequencing of PCR products amplified by the primers confirmed the sequence alignment results for the two sets of ORF primers.
A total of 96 TLMV-S primer product clones derived from 16 thalassemia patients were sequenced, and 22 of them were randomly selected as representatives for phylogenetic analysis. Figure 2a shows that the isolates amplified by TLMV-S primers were genetically distinct from each other and thus distributed among the three known groups of TLMV (Fig. 2a) . This has confirmed the ability of TLMV-S primers to detect the three known groups of TLMV. The isolates amplified by TLMV-L primers from this population were not sequenced; thus, classification was not determined for this study. However, we found that TTV 5ЈUTR primers NG054/147/133/132 were able to amplify some TLMV strains from both thalassemia patients and healthy individuals (Tables 2 and 3 ). Phylogenetic analysis indicates that these TLMV isolates were genetically closer to group 1 (identity with group 1 ranged from 57.5% to 65.9%), but they appear to be an independent new group (group 4), clustering on a branch of the phylogenetic tree (new isolates are labeled with prefix TLMV in Fig. 2b) .
Detection of TTV and TTLVs using different sets of primers. To determine the ability of each set of the primers to detect TTV and TTLVs, the five primer sets described above were tested on a panel of 118 thalassemia patients and 200 healthy individuals. Using the three nested TTV primer sets RD051/ 052/037/038, TT6/7/8/9, and NG054/147/133/132, TTV was positive in 45.8%, 76.3%, and 90.6% of thalassemia patients, respectively (Table 4) . Using a combination of RD051/052/037/ 038 and TT6/7/8/9 primers, the detection rate was slightly increased, to 78.8%, in comparison with the detection by TT6/ 7/8/9 primers alone (76.3%) due to the fact that three samples that were negative with TT6/7/8/9 primers were positive with RD051/052/037/038 primers. This suggests that some TTV genotype 1 variants may not be amplifiable by TT6/7/8/9 primers. The detection rate was not changed when using NG054/147/ 133/132 combined with RD051/052/037/038 and TT6/7/8/9 primers compared with use of NG054/147/133/132 primers alone. This would appear to confirm our hypothesis that NG primers are able to detect most genotypes. For TLMV, 82.2% of thalassemia patients were positive using TLMV-S1/ JaCHCTC19 (1) TLMV-S2 primers. All of the thalassemia patients (100%) were positive for TTV and/or TLMV when RD051/052/037/ 038, TT6/7/8/9, NG054/147/133/132, and TLMV-S primers were used in combination. For healthy individuals, the same pattern of detection for these primers was observed. As expected, the prevalence of the viruses was lower. Only one-half of healthy individuals (56.2%) were positive even when using multiple sets of primers (NG054/147/133/132, TLMV-S, and TLMV-L). The detection rate of TLMV-S primers (30.5%, 32/105) was higher than that of TLMV-L primers (21.9%, 23/105) for detecting TLMV in healthy individuals. However, among the 105 samples tested, four that were negative with TLMV-S primers were positive with TLMV-L primers. This indicated that both sets of primers are needed for effective detection of TLMV.
DISCUSSION
Although the genomes of TTV and TTLVs are extremely heterogeneous, sequence conservation is maintained for the 5ЈUTR localized downstream from the TATA box. This region is even conserved between TTV and some TLMVs, as well as TTVs from different species (20) . In particular, for the purposes of PCR detection, it is important that all TTVs and TTLVs from humans and various animals possess two common 15-nucleotide sequences in their 5ЈUTRs, CGAATGGCTG AGTT and AGGGGCAATTCGGGC, that are the core regions of the NG 133 and NG 147 primer sequence binding sites (26, 29) . Using both predictive theoretical modeling and practical testing, we demonstrated that it is possible to detect all known groups and genotypes of TTV and TTLVs including eight genotypes of SENV and PMV, and three known groups plus a new group of TLMV can be detected by using four sets of PCR primers combined with a genotype 21-specific set of primers. We found that using clone-based DNA sequencing made it possible to identify and quantify low-frequency mixed genotypes of TTV and TTLVs that were undetectable when using direct DNA sequencing of PCR products. The results generated by direct DNA sequencing of PCR products from thalassemia patients showed only the sequence representative of the predominate genotype and often were unable to provide clear readable DNA sequences due to mixed genotypes that exist in those samples, especially when 5ЈUTR primers that can FIG. 2. Phylogenetic trees constructed using published sequences of known TLMV isolates in boxes that are distributed among groups (Gr1 to Gr3) and sequences of cloned PCR products amplified by TLMV-S primers (a) and by NG057/147/133/132 primers (b) from thalassemia patients. Our TLMV isolates are indicated with prefix TLMV, and the GenBank TLMV isolates are shown in boxes with the group number labeled in brackets. result in the amplification of multiple genotypes were used (data not shown).
The extremely high worldwide prevalence of chronic TTV and TTLV infections presents a challenge to determining the natural history and pathogenic potential of these viruses. Furthermore, it is not possible to identify a specific genotype(s) that may be more pathogenic than others using a routine PCR method with one or two sets of primers due to the high rate of mixed infections by multiple genotypes (1, 12) . It is thus crucial to develop a molecular diagnostic system that is not only capable of detecting and quantifying the full spectrum of existing TTV and TTLV genotypes and groups but that can also identify and quantify specific groups and genotypes of the viruses existing in individuals. It is known that the titers of TTV DNA vary depending on the chosen primers where viral loads determined by PCR with 5ЈUTR primers are 10 to 100 times higher than those with N22 primers (29) . In this study, we have developed a detection system with multiple sets of primers that should be more accurate and specific in testing viral load for all prevalent genotypes or specific genotypes and groups of TTV and TTLVs.
Although the life cycle of the viruses is poorly understood, self-limited and persistent infections have been observed in both humans and chimpanzees (2, 24) . It has been estimated that 10 10 to 10 11 virions are produced and cleared per day in chronically infected individuals (17) . The ability of patients to clear TTV infections is currently unknown. We found that 100% of thalassemia patients were infected with TTV and TLMV; however, we also found that approximately 10% (11/ 118) of these patients aged 4 to 20 years (average, 9.45 years) were PCR negative when using the TTV primers RD037/038/ 051/052, NG054/147/133/132, and TT6/7/8/9, which are capable of detecting many common TTV genotypes. This suggests that TTV infection can be cleared or become undetectable, because this group of patients have been repeatedly exposed to multiple genotypes of virus present in blood transfusions (13 to 18 times/year) administered over a period of approximately 10 years. However, further evidence from epidemiological and immunological studies is needed to confirm that such patients have been infected by specific TTVs and TTLVs during the period of transfusion treatment.
In the present study, we focused on the establishment of a molecular detection system as an appropriate tool for assessment of TTV and TTLV pathogenesis and prevalence at the genotypic level. Several other important aspects of clinical virology such as viral persistence and reactivation, quasispecies shifting, viral immune escape, and host immune response should be addressed at both the genotypic and quasispecies levels in future investigations. 
